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ABSTRACT 

Type II radio bursts are thought to be a signature of coronal shocks. In this paper, we analyze 
a short-lived type II burst that started at 07:40 UT on 2011 February 28. By carefully checking 
white-light images, we find that the type II radio burst is not accompanied by a coronal mass 
ejection, only with a C2.4 class flare and narrow jet. However, in the extreme-ultraviolet (EUV) 
images provided by the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics 
Observatory (SDO), we find a wave-like structure that propagated at a speed of ^ 600 km s -1 
during the burst. The relationship between the type II radio burst and the wave-like structure 
is in particular explored. For this purpose, we first derive the density distribution under the 
wave by the differential emission measure (DEM) method, which is used to restrict the empirical 
density model. We then use the restricted density model to invert the speed of the shock that 
produces the observed frequency drift rate in the dynamic spectrum. The inverted shock speed is 
similar to the speed of the wave-like structure. This implies that the wave-like structure is most 
likely a coronal shock that produces the type II radio burst. We also examine the evolution of 
the magnetic field in the flare-associated active region and find continuous flux emergence and 
cancellation taking place near the flare site. Based on these facts, we propose a new mechanism 
for the formation of the type II radio burst, i.e., the expansion of the strongly-inclined magnetic 
loops after reconnected with nearby emerging flux acts as a piston to generate the shock wave. 

Subject headings: shock waves - Sun: corona - Sun: coronal mass ejections (CMEs) - Sun: radio 
radiation 


1. Introduction 


Shock waves are an important and ubiquitous phenomenon in astrophysics. They can accelerate electrons 
( Mann fc Classen|1995 Miteva fe Mann|2007 Schwartz et al.|2QTT ) and ions ( Thomsen et al.||1985 Sckopke 


1995; Giacalone 2005) effectively. In the solar atmosphere, there exist various kinds of shocks, which usually 
manifest themselves as wave-like structures in images, or are implied in the radio dynamic spectra. In 
particular, type II radio bursts, usually following the eruption of coronal mass ejections (CMEs), are a kind 
of plasma emission with a slow frequency drift in the radio dynamic spectrum, and they are generally thought 
to be a signature of coronal shocks (Wild| [l950 ; Zhe leznyakov|[l9 70). 
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It is believed that the majority of interplanetary shocks (within 1 AU) are CME-driven (Cane et al 
1987; Re iner et al.p0 01a|b). However, the origin of the metric type II radio bursts is still an open question 

2004; 


they can be generated either by CME-driven shocks (Cliver et al. 


Liu et al. 


>009; 


Chen 


2011 


Cho 


et al.||2013 ) or by flare-caused blast waves ( Leblanc et al.|200l| Magdalenic et al.||2008| Nindos et al.||2011 ). 


This is an important topic but hard to explore since the radio spectrum has usually a low or even no spatial 
resolution. The situation has been greatly improved since the launch of recent space solar instruments. 
In particular, the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) on board the Solar Dynamics 
Observatory (SDO; |Pesnell et al. 2012) can observe the low corona under O.4R 0 , where the type II radio 
bursts are initially produced with the start frequency of hundreds of MHz. Recently, [Bemporad fc Mancuso 


(2010) derived physical parameters of the pre- and post-shock regions using multi-wavelength observations. 


Ma et al. (2011) discovered a clear case of a CME-driven shock in the low corona by extreme-ultraviolet 


(EUV) images. For more quantitative studies of coronal shocks, some new methods have been developed. 


Kouloumvakos et al. (2013) combined the differential emission measure (DEM) method to calculate the 


compression ratio of a coronal shock, and found that the shock can be driven by both the nose and the flanks 
of the expanding bubble. Zucca et al. (2014) used multi-wavelength observations to obtain two-dimensional 
density, magnetic field, and Alfven speed maps, which help reveal the properties of shocks more accurately. 
Among these recent works, the type II radio bursts were all associated with CMEs. It is now widely accepted 
that the CMEs are the source of the metric type II radio bursts. However, there still exist a few type II radio 
bursts without CMEs. Magdalenic et al. (2012) reported a CME-less type II radio burst, and suggested that 
the burst was likely to be generated by the flare. Gopalswamy (2001) mentioned that the reconnection jets 
could be also one of the candidate structure to generate a type II radio burst. 


In this paper, we report a type II radio burst without an associated CME. We propose a new generation 
mechanism for the coronal shocks. The paper is organized as follows. Observations are described in Section 
[2j data analysis and results are presented in Section [3j Some discussions are made in Section [4j followed by 
a conclusion in Section 0 


2. Observations 


A type II radio burst was detected on 2011 February 28, following the occurrence of a C2.4-class flare 
which was located at N24E45 in the NO A A active region 11164. The radio burst was observed by a number 
of radio telescopes, such as Learmonth and San Vito Solar Observatories. A coronal wave-like structure, 
which was coincident with the type II burst, was observed in detail by the AIA in EUV passbands. The Large 
Angle Spectrometric Coronagraph (LASCO; Brueckn er et al.|[l 995) on board the the Solar and Heliospheric 
Observatory (SOHO) and the inner coronagraph (COR1; Howard et al.| 2008) on board the Solar Terrestrial 
Relations Observatory (STEREO; Kaiser et al.| 2008) provide the white light images, which are used to 
inspect whether the radio burst is associated with a CME. 


In this work, we use the radio data recorded by the Learmonth Observatory, because the station was 
at day time during the burst. Compared to the data from San Vito, the dynamic spectrum of Learmonth 
is clearer. The temporal resolution of the dynamic spectrum is 3 s. As shown in Figure 1, the type II radio 
burst started at 07:40 UT in the fundamental frequency with the start frequency of 109 MHz, and ended at 
07:44 UT with the end frequency of about 52 MHz. The linear frequency drift rate is 0.2375 MHz s -1 for 
the fundamental frequency. The burst is obvious in both fundamental and harmonic frequencies. However, 
we cannot identify the start frequency in the first harmonic frequency because it is out of observing range. 
There is a weak indication of band-splitting phenomenon in this burst, presumably implying that the shock 
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was not very strong. 

The C2.4-class flare was observed by GOES a few minutes before the type II radio burst. The soft 
X-ray flux, which is shown as a red curve in Figure 1, began to rise at 07:34:34 UT, and reached the peak 
at 07:38:42 UT, 90 s before the type II radio burst. Then the flux declined to the pre-flare level in a few 
minutes. The rise and decay of the soft X-ray flux are roughly symmetrical. The duration of the flare is less 
than 10 minutes. 

Since type II radio bursts are usually accompanied by CMEs, we check coronal images observed by 
SOHO /LASCO and STEREO/ COR1 if this is the case in the present event. The fields of view (FOV) of 
LASCO and COR1 are located hundreds of Mm above the solar limb; therefore, it takes tens of minutes for 
a CME to propagate to the visible region. We then check the images of LASCO and COR1 in a period that 
begins 50 minutes after the peak time of the flare (08:00-08:25 UT) as shown in Figure 2. It is clear that 
there is no indication of any CME in this time period. Since the active region is close to the solar limb, a 
CME should be detectable if it exists. For this reason, we can conclude that this flare and type II radio 
burst are not accompanied by a CME. 

We also check the EUV images of the low corona observed by SDO/AIA whose time interval is 12 s. 
We find that there is a wave-like structure above the active region in the 171 A, 193 A and 211 A running 
difference images as indicated by the horizontal arrows in Figure 3 (see online movie for details). The wave¬ 
like structure appeared at 07:38 UT and was too weak to be detected after 07:42 UT; it propagated quickly 
during this period with a velocity of ~ 600 km s -1 . At almost the same time, a jet (indicated by the vertical 
arrows in Figure 3) ejected. Moreover, in the running difference images whose time interval is 120 s as shown 
in Figure 4, we find a group of loops that expand during the propagation of the wave-like structure, and 
continue to expand after the disappearance of the wave-like structure. The expansion of the loops pushes 
the wave-like structure to propagate outward. Note that the time interval and contrast ratio of the running 
difference images are differently adjusted in Figure 3 and Figure 4, in order that they can reveal more clearly 
the wave-like structure and loops, respectively. 


3. Data Analysis and Result 

From Figures 1 and 3, we can see that the burst and the wave-like structure occured at about 07:40 UT, 
while the type II radio burst appeared about 2 minutes after the wave-like structure can be initially identified 
in the AIA images, and it disappeared about 2 minutes after the wave-like structure became invisible. This 
implies a temporal relationship between the wave-like structure and the burst. In order to confirm this point, 
we do further analysis and in particular derive the propagation speed of the wave-like structure and that of 
the type II radio burst. 


3.1. Wave Speed measured from AIA images 

First, we measure the propagation speed of the wave-like structure from the EUV observations of 
SDO/AIA at the 171 A, 193 A and 211 A wavelength channels. To do so, we put a slice (shown as the 
pink dashed line in Figure 3) along the propagation direction of the wave in the running-difference images 
at these channels. The time-slice diagrams are then plotted in Figure 5, whose time range is from 07:30 
to 07:50 UT, covering the whole process of the formation and propagation of the wave-like structure. The 
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wave-like structure can be identified clearly in the time-slice images as a bright narrow stripe. The front of 
the wave-like structure is marked by green asterisks in the images. The time interval of these asterisks is 
fixed to be 24 s. Because the wave front is identified visually, to reduce the error, we try in total 10 times 
to obtain the front points and then calculate the mean value and the standard deviation, which are shown 
in Figure 5. 

The speed of the wave-like structure is shown in the bottom row of Figure 5. It can be seen that 
the three channels yield similar results. The initial speed of the wave was about 1000 km s -1 , and then 
decreased to about 600 km s -1 in 1 minute. After that, the wave propagated at a nearly constant speed until 
its disappearance. The linear speed of the wave is calculated to be 539 km s -1 , 654 km s -1 and 659 km s -1 
in the 171 A, 193 A and 211 A channels, respectively. Such a speed is marginal to generate a shock as the 
Alfven wave speed in the corona is very similar to that. Note that in the top row of Figure 5, some bright 
structures below the wave front refer to the expansion of the loops. The loop expansion in the initiation 
phase of the wave-like structure is very hard to identify, which could be submerged by the complicated 
background emission in the active region. 


3.2. Shock Speed Derived from the Radio Spectrum 


It is well known that the frequency drift in the dynamic spectrum for a type II radio burst is produced 
by a shock propagating outwards in the corona. In order to get the shock speed from the dynamic spectrum, 
we need to know the density distribution of the corona. However, most of the density models available may 
deviate significantly from the real case and affect the inversion accuracy of the shock speed. In previous 
studies, the most commonly used density models are based on the models by |New kirk (1961) and 


(1977). 

2010] 


Usually, these models are assumed to be multiplied by a coefficient (e.g., Bemporad & Mancuso 


Saito et al. 


Feng et al. 2012; Mag dalenic et al.]|2012| ). This coefficient is not an invariant, but depends sensitively 


on time (solar maximum and minimum years) and on place (active region and quiet region). Therefore, it is 
still a problem how to adopt a coefficient that is accurate enough for a specific event. 

Since the start frequency of the type II radio burst is 109 MHz, the start height of the shock is estimated 


to be less than O.IR© under the Saito et al. (1977) model, which should be within the FOV of AIA. Indeed, 


the wave-like structure did appear in the FOV of the AIA, as stated above. Thanks to the multi-wavelength 
EUV emissions observed by AIA, it is possible to derive the density and temperature structure of the coronal 
part above the active region using the DEM method ( Cheng et al.||2012 ). Then, we can get a more accurate 
density model, so as to derive a reliable shock speed from the type II burst, which can then be compared 
with the wave speed measured in the AIA images. 


3.2.1. Constraining the Density Model 

The DEM method is applied to calculate the density maps of the corona above the active region. The 
procedure is as follows. We use the intensities in six wavelength channels (94 A, 131 A, 171, A, 193 A, 211 
A, and 335 A) recorded by SDO/AIA to derive the emission measure (EM) distribution. We choose the AIA 
images at 07:20 UT, 20 minutes before the start time of type II radio burst, to get the EM map, which is 
shown in the left panel of Figure 6. 
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The density of the emitting plasma can be calculated from the EM as (Cheng et al.| |2012), 


EM 


where s is the line-of-sight length and can be estimated as (Z ucca et al.||2014 ), 

S r>sJ V Hirr , 


(1) 


( 2 ) 


where H is the pressure scale height and r is the heliocentric distance of the active region. The density 
distribution derived from the DEM method is then used to construct a specific density model for this event. 

We first calculate the density distribution for the coronal part between the wave and the active region 
below. This part is shown as the region enclosed by a white box in Figure 6, which has an angular range of 
24°, and a radial range of 1.02-1.06 R 0 . With the density distribution for this region, we then calculate the 
mean density at a specific height by making an average over the whole angular range. In this way, we can 
get a radial distribution of the density, which is shown as the black solid line in the right panel of Figure 6. 


This result is then used to constrain the density model of Saito et al. (1977). For simplicity, we multiply the 


density model by a coefficient in order to match the derived density distribution. The optimal coefficient is 
found to be 0.8. The revised density model is shown as the black dashed line in the right panel of Figure 
6. Note that the revised density model can match the derived density distribution almost perfectly with a 
correlation coefficient of 0.98 between them. 


3.2.2. Shock Speed Derived from the Frequency Drift Rate 


With the appropriate density model, we can deduce the shock speed from the radio dynamic spectrum. 
First, we can get the frequency as a function of time (£) for the type II radio burst from the frequency 
spectrum. The frequency of type II radio bursts is considered to be the plasma frequency of the local 
electrons around the shock. Moreover, the plasma frequency is related to the electron density as (e.g., 


Gopalswamy et al. 2009 


Ma et al. 2011 


fp 


= 8.98 x 10 3 


(3) 


Then, for a specific frequency of the burst, the density at the shock producing the burst is calculated and 
the corresponding height ( h ) can be found from the revised density distribution. Finally, we can get the 
speed of the shock from the frequency drift rate. 

In practice, we select 15 points from the beginning to the end of the radio burst in the fundamental 
frequency belt, as marked with red asterisks in the left panel of Figure 7. It is seen that the fundamental belt 
becomes weak at the later period of the burst, while the harmonic belt is still fairly strong though dispersive. 
Both of the belts ended at about 07:44 UT. As already mentioned, the start time of the burst is about 120 
s later than the appearance of the wave in the AIA images, while the end time of the burst is about 120 s 
later than the disappearance of the wave in the AIA images. The red solid curves in the left panel are the 
fitting to the fundamental and harmonic frequency belts. With the frequency-time curve, we can obtain the 
height-time relation and hence the speed of the shock. The result is shown in the right panels of Figure 7. 
It is shown that the shock speed is about 700 km s -1 at the beginning and then decreases to 450 km s -1 
later. The average speed is 542 km s _1 . The speed of the shock is close to the speed of the wave which has 
been detected in the AIA images. 
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Considering the similarity in speeds and the close relationship in time between the wave-like structure 
and the type II radio burst, we believe that the former is indeed a shock that is responsible for the type II 
radio burst in the dynamic spectrum. 


4. Discussion 


According to previous studies, a common view is that the coronal shock, responsible for the type II 
radio burst, is generated either by CMEs or flares, although more people believe the CME scenario. For 
this event, we checked the coronal images of LASCO/C2 and STEREO/ COR1 (A and B) in white light and 
SDO/AIA in EUV, and did not find occurrence of any associated CME. If a CME was erupting, it should 
be detectable since the source region is close to the solar limb. Therefore, we can conclude that the shock is 
not likely driven by a CME as usual. On the other hand, it was sometimes argued that the pressure pulse 
in a solar flare might generate a blast shock wave, which can emit type II radio bursts (e.g., Uchida| [T974 ). 
Similarly to the discussions in Vrsnak & Cliver (2008), we tend to ignore this possibility because the radio 
burst event in this paper is associated with a C2.4-flare, whereas quite some X-class flares, which are ^100 
times stronger than C-class flare, are not associated with EUV waves or type II radio bursts, e.g., the 2005 
January 14 flare studied by Chen (2006). 


Considering the above facts, here we are trying to propose a new mechanism for the generation of the 
shock wave in the case of a CME-less flare. By inspecting carefully the AIA images, we find that some coronal 
loops under the shock wave front expanded obviously, starting from the appearance of the shock wave and 
ending a few minutes after the disappearance of the wave. We think that such a coincidence between the 
loop expansion and the coronal shock is not incidental, but implying a casual relationship. To check this 
point, we further analyze the HMI magnetograms of the active region and find that there were continual 
magnetic emergence and magnetic cancellation near the eastern feet of the loops (see Figure 8). It has been 
well established that magnetic reconnection between an emerging magnetic flux and the pre-existing coronal 
loop would lead to an impulsive flare ( Heyvaerts et al.|[l9 77). At the same time, such a reconnection would 
also lead to the expansion of the pre-existing coronal loop after it is re-rooted to another site due to the 
interchange reconnection, as simulated by Chen & Shibata (2000). 


The post-reconnection coronal loop, as indicated by the dashed line in the left panel of Figure 9, is kinked 
around the reconnection site. Such a kink results in a strong magnetic tension force along the direction of 
the reconnection jet, which drives the coronal loop to expand. Such an expanding loop would lead to a 
fast-mode magnetoacoustic wave propagating outward, which further steepens to form a shock wave due to 
the nonlinear effect, since the background fast-mode wave speed decreases with height. The shock is then 
manifested as the type II radio burst. Since there is no continual eruption like CMEs, the shock exists for a 
short time and then decays to an ordinary wave, which can explain why the radio burst lasted for a short 
period as indicated by Figure 1. 


However, it should be mentioned that this type of interchange reconnection happens frequently as long as 
newly emerging magnetic flux meets with the pre-existing coronal loop, whereas shock waves responsible for 
type II radio bursts are rare in these CME-less flare events. This implies that a special condition is required. 
Here, we conjecture two different scenarios: (1) if the pre-existing magnetic loop is strongly inclined near 
the emerging flux, as depicted in the left panel of Figure 9, there would be a shock wave generated since the 
magnetic loop after reconnection (dashed line) is strongly bent. The magnetic tension force is very strong in 
this case. With the strong magnetic tension force, a faster jet would be ejected, which takes the threading 
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magnetic field lines away quickly, and a fast-mode shock wave is expected to be produced. As a strongly-bent 
field lines stretch, they become less bent, and no continual pushing is provided for the shock wave. As the 
consequence, the shock wave decays rapidly as it propagates outward, which naturally explains the short 
lifetime of the type II radio burst as indicated by Figure 1; (2) if the pre-existing magnetic loop is slightly 
inclined near the emerging flux, as depicted in the right panel of Figure 9, there would be no shock wave 
generated, and only a fast-mode MHD wave is generated since the magnetic loop after reconnection (dashed 
line) is weakly bent. The magnetic tension force is weak in this case. In our event, the magnetic field lines 
as traced from the EUV loops, which are indicated by the blue arrow in Figure 4, are strongly bent toward 
the solar surface. This fits the first scenario and explains why a type II radio burst is observed. 


In order to further confirm such a conjecture, we perform two-dimensional magnetohydro dynamic nu¬ 
merical simulations of the interchange reconnection between emerging flux and pre-existing magnetic field in 
two cases. In case A, the magnetic field lines are strongly inclined near the flux emerging site, as illustrated 
in the top-left panel of Figure 10, whereas in case B, the pre-existing magnetic field lines are slightly inclined 
near the flux emerging site, as illustrated in the top-right panel of Figure 10. Note that the magnetic field 
strength near the reconnection is chosen to be the same. We adopt the same numerical code as in |Chen 


& Shibata (2000), which employs a multi-step implicit scheme (Hu 1989 Chen et al. 2000). The numer¬ 


ical results reveal that as magnetic flux emerges from the bottom of the simulation box, i.e., the base of 
the corona, interchange reconnection occurs between the emerging magnetic flux and the pre-existing field 
lines. In both cases, the bent field lines after reconnection drive a jet and a wave front propagating in the 
upper-right direction. The wave fronts are indicated in the two panels of the bottom row of Figure 10 for 
both cases. However, it is noted that in case A, the density enhancement of the wave front is stronger than 
that in case B, which is manifested by different colors in the density map. Such a result strongly implies 
that only with strongly bent post-reconnection field lines can a shock wave be produced when emerging flux 
reconnects with the pre-existing coronal field in CME-less flares. 


5. Conclusions 


In this paper, we study a type II radio burst without an accompanying CME. The burst is related to 
a coronal shock that can be clearly identified in AIA images. However, we find that the shock is neither 
produced by a CME nor by a flare. We propose a new mechanism for this event: the shock is generated by 
the expansion of the magnetic loops after reconnecting with emerging flux. The main results of the paper 
are summarized as follows: 


1. We apply the DEM method to the multi-wavelength EUV data to obtain the density distribution in 
the radial direction above the active region, which is then used to constrain the density model of Saito et al. 


(1977). Using the resulting density model and the dynamic frequency spectrum of the type II radio burst, 
we further derive the shock speed. 


2. We identify the wave-like structure in the AIA images. We find a close relationship in the occurrence 
time and in the propagation speeds between the wave-like structure and the shock inverted from the type II 
radio burst. The wave-like structure in AIA images is thus most likely a coronal shock responsible for the 
type II burst. 


3. We suggest that the shock is neither generated by a CME as a piston-driven wave nor by a flare as a 
blast wave. We propose a new mechanism for the generation of the shock. The strongly-inclined magnetic 
loops, after reconnecting with emerging flux, can expand quickly to generate a shock front ahead. This 
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scenario of loop-driven shock is somewhat different from the usual mechanism of CME-driven shock. In the 
former, the expansion of loops serves as a piston driving the shock wave in a short time while the loops do 
not erupt as a CME with their feet still anchored to the photosphere. 
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Fig. 1.— Dynamic spectrogram of the type II radio burst on 2011 February 28 in the range of 25-180 MHz 
observed by the Learmonth Observatory. The red curve refers to the soft X-ray flux during the burst. 
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Fig. 2.— Running difference images of the corona in white-light for two different times after the burst 
recorded by STEREO-B/COR1 (left), SOHO/C2 (middle) and STEREO-A/COR1 (right). 
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Fig. 3.— Time sequence of SDO/AIA 171 A (top), 191 A (middle), and 211 A (bottom) running difference 
images on 2011 February 28. The horizontal arrows indicate the location of the shock wave, while the vertical 
arrows indicate the jet. The pink dashed line refers to the slice used to trace the wave propagation. 
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Fig. 4.— Time sequence of SDO/AIA 171 A (top), 191 A (middle), and 211 A (bottom) running difference 
images on 2011 February 28. The white arrows indicate the location of the expanding loops. The blue arrow 
indicates the strongly inclined coronal loops. The green asterisks mark the wave-like structure. 










Height (arcsec) 


- 14 - 



07:32 07:40 07:32 07:40 07:32 07:40 07:48 


2000 

5T 1500 
E 

^ 1000 
CD 
CD 

CD 500 
0 



07:38 07:42 07:38 07:42 07:38 07:42 


Time (UT) 


Fig. 5.— Top row: time-slice plot of the AIA running difference images in 171 A (left), 193 A (middle) and 
211 A (right) to show the wave propagation (green asterisks); the red dashed line represent the start time 
of the type II radio burst. Bottom row: speed of the wave measured in the top panels. 
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Fig. 6.— Left: EM map of the active region. Right: density distribution with height. The solid line refers 
to the radial density distribution of the region encircled by the white line in the left panel, while the dashed 
line represents the density distribution of the model of Saito et al. (1977) multiplied by a coefficient of 0.8. 



Fig. 7.— Left: dynamic spectrogram during the type II radio burst. The two red solid curves are the fitting 
to the frequency-time evolutions for the fundamental and harmonic frequency belts. Right: height and speed 
of the shock inverted from the revised density model. 
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Fig. 8.— AIA images in 193 A and HMI magnetograms for a selected area in the active region. Top and 
bottom panels are for times before and during the event, respectively. The green contours represent negative 
magnetic polarity, while the purple contours represent the positive polarity. 
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Fig. 9.— Schematic sketch of the wave generation during interchanged magnetic reconnection. The black 
solid lines correspond to the magnetic field before reconnection, and the black dashed lines to the magnetic 
field after reconnection, while the red “X” represents the reconnection site. The blue arrows indicate the 
reconnection jets. When the pre-existing magnetic field is strongly inclined as shown in panel (a), the drastic 
expansion of the strongly kinked post-reconnection loop would result in a strong shock wave as indicated 
by the red solid line. A type II radio burst is expected in this case. When the pre-existing magnetic field 
is slightly inclined as shown in panel (b), the slower expansion of the reconnected loop would result in an 
ordinary MHD wave or a weak shock wave as indicated by the red dashed line. No type II radio burst 
happens in this case. 
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Fig. 10.— Magnetic field and density evolutions from our MHD numerical simulations. The solid lines 
correspond to the magnetic field and the color scale to the density. Case A (left): a strongly-bent post¬ 
reconnection loop is produced. The white arrow indicates a shock front. Case B (right): a weakly-bent 
post-reconnection loop is produced. Comparing the two cases, it is seen that a much stronger shock wave is 
produced in case A. 










